Background Stress fractures commonly affect military recruits during basic training. Several lines of evidence suggest genetic factors are involved in stress fracture predisposition. As gender steroid hormone levels and activity have been implicated in affecting bone strength, one of the candidate genes likely to be involved is the androgen receptor gene. Questions/purposes We assessed the possible involvement of the androgen receptor gene in stress fracture predisposition in Israeli soldiers. , we collected clinical and imaging data from 454 Israeli soldiers referred for bone scans with clinical symptoms compatible with stress fractures: 171 soldiers (154 men, 17 women) (patients) with bone scan-proven stress fractures and 283 soldiers (242 men, 41 women) with normal bone scans (control subjects). All participants were genotyped for the length of the CAG (cytosine-adenine-guanine) repeat in exon 1 of the androgen receptor gene using PCR and subsequent fragment analysis on sequence analyzer. Results The androgen receptor gene CAG repeat was ranged between six and 31 (mean ± SD, 20.6 ± 4.3) among patients and between 11 and 32 (mean ± SD, 20.0 ± 3.8) among control subjects. Smaller-sized (\ 16) androgen receptor CAG repeats were more prevalent among control subjects (23%) than among patients (13%); the risk for having SFs was almost halved if the size of the repeat was shorter than 16 repeats.
Introduction
Stress fractures (SFs) are commonly encountered among young army recruits who undergo strenuous exercise. The underlying cause(s) of SFs are unknown, although various authors have suggested mechanical, environmental, behavioral, or genetic factors predispose individuals to subsequent SFs [8, 9, 28, 42] .
Multiple lines of indirect evidence point to genetic factors contributing to SF pathogenesis, specifically, reports of multiple SFs affecting monozygotic twins [29] , multiple lower limb SFs in single individuals [19, 23, 26] , high recurrence rate (approximately 10% in a year) of SFs in different anatomic sites in Israel Defense Force (IDF) recruits [9] , occurrence of SFs in the pediatric age group [2, 17, 20, 22, 25, 32, 36] , and the interindividual variation in SF incidence given the similar training load among soldiers in the same unit [10, 21, 24] . In some studies relating to predisposing factors of SFs, little or no mention is given to family history of bone diseases [16, 24, 27] . However, in one study, known family history of osteoporosis was associated with an increased risk of stress fractures in females [7] . In approximately 8% to 13% of IDF soldiers with SFs, a family history of SFs or bone disease is elicited [13] . Taken together, these data support the notion of genetic factors involved in SF pathogenesis.
Although in all likelihood genetic susceptibility to SFs involves multiple genes, the exact identity of these genes remains elusive. Obvious candidate genes are those involved in bone formation, bone remodeling, bone structure, and bone-associated disorders, in humans and in animal models. One of these candidate genes is the androgen receptor (AR) gene. The AR gene (OMIM 313700) localizes to Xq11-q12 and encodes for the nuclear receptor whose ligand is dihydrotestosterone. A CAG (cytosine-adenine-guanine) triplet repeat sequence is present in exon 1 of the AR gene, which encodes a polyglutamine (CAG)n tract in the N-terminal transactivation domain of the protein. The number of CAG repeats is highly polymorphic, ranging from six to 39 repeats, with an average between 20 and 22 [6, 11] . Variations of the CAG repeat size have been linked to endocrine abnormalities. Reduced CAG sizes, shown in vitro to be associated with enhanced transactivation function of the AR [1, 3, 15] , have been associated with clinical features similar to those observed with increased androgenic function, such as prostate cancer [12] . Conversely, long CAG sizes that are within the normal range (approximately 35-37 repeats) reportedly have been linked to clinical disorders characterized by reduced androgenic function: male infertility, hypogonadism, gynecomastia, and cryptorchidism [18, 27] . Some studies have investigated the association between the CAG repeat size and bone density, but the results were inconclusive [30, 31] . However, the AR may be considered a plausible candidate gene in SF predisposition.
We therefore assessed the AR gene CAG repeat length in soldiers in the IDF as an indirect measure of the putative contribution of the AR gene to SF pathogenesis.
Patients and Methods
Study participants were recruited from among soldiers referred to the Central Orthopaedic Clinic of the IDF with clinical symptoms compatible with SF from January 2007 to December 2009. All were active-duty IDF soldiers. All soldiers who were referred to the clinic with symptoms compatible with SF were eligible and were offered participation in our study. Overall, there were 454 participants in the study: 396 men and 58 women. The recruitment rate was approximately 25%, and there were no differences between participants and nonparticipants in terms of SF diagnosis rates, ethnicity, height, weight, or state at military training (data not shown). The primary reason for nonparticipation (68% of nonparticipants) was lack of will to undergo blood withdrawal requiring another venous puncture. Thirty-nine percent of participating men were in the basic training phase of their military service, ranging from 2 to 8 months, and all men were within the first 18 months initiation of their service. The demographic and relevant clinical features (height, weight, ethnic origin) of male (Table 1 ) and female ( Table 2 ) patients and control subjects were recorded. Among male soldiers with SFs, 61 of 154 (40%) had severe SFs (Grade 3 or higher), 86 (56%) had moderate SFs (Grade 2), and for seven, the severity was unrecorded. The anatomic location of the SFs in male study participants were either at the femur (n = 43) tibia (n = 93), or the fibula (n = 11), and unrecorded for seven. For female soldiers with SFs, eight of 17 (47%) had severe SF and nine of 17 (53%) had moderate SF. The majority of female soldiers with SF (n = 13) had SFs concurrently diagnosed in the tibia and the femur whereas two had bilateral tibial fractures (12%) and two (12%) had bilateral femoral SFs.
Among women, there was a difference (p = 0.05) between patients and control subjects for body mass index (BMI) (mean ± SD, 22.0 ± 0.5 for patients versus 21.7 ± 0.2 for control subjects). Among men, there were differences (p = 0.05) between patients and control subjects in age (20.0 ± 1.6 years for patients versus 19.3 ± 1.8 years for control subjects) and BMI (23.0 ± 0.2 for patients versus 22.9 ± 0.2 for control subjects). There were no other differences between the patients and control subjects. Specifically, there were no differences in the ethnic makeup of the participants who revealed their ethnicity: 84 of 148 patients (57%) and 112 of 199 control subjects (56%) were Ashkenazim.
All participants were evaluated by various orthopaedic surgeons who obtained the history and performed a physical examination focusing on the lower limbs. Imaging included TC99 bone scanning as routinely practiced [14] in the Central Orthopaedic Clinic for IDF soldiers. The bone scans were interpreted by one physician (LT), and based on the results, the soldiers were classified as either having no evidence of SF or having Grade 1 to Grade 4 SF, according to practiced criteria and protocol [44] . Individuals with Grades 1 and single Grade 2 SFs and individuals with metatarsal SFs were excluded from the study. Participants classified as having no evidence of SF were considered control subjects, and individuals with Grades 3 and 4 SFs or multiple Grade 2 SFs were the patients. The study was approved by the IDF IRB and the Ministry of Health's IRB for genetic studies, and each participant signed a written informed consent. After signing the informed consent, each participant completed a questionnaire detailing demographic data, personal and family history of SFs and bone diseases, engagement in sports, and smoking, among other parameters. DNA was extracted from peripheral blood leukocytes using the PureGen 1 kit by Gentra Inc (Minneapolis, MN, USA), following the manufacturer's recommended protocol. The primers sequences for the genotyping were retrieved from the Genome DataBase online database [www.gdb.org]. Genomic DNA from each subject was amplified by PCR. The forward primer was labeled with FAM TM for the analysis of the amplicons. Two microliters of each PCR product were mixed with 0.5 lL TAMRA TM 500 internal size standard (Applied Biosystems Inc, Foster City, CA, USA) and 12 lL formamide. Samples were read on an ABI Prism 1 3100 Sequencer using GeneScan 1 software (Applied Biosystems). The GeneScan 1 raw data were analyzed using the Genotyper 1 software to obtain the number of CAG repeats in base pairs. The CAG repeat number ranged between six and 32 repeats for all study participants.
The statistical analysis included comparison of distributions of various parameters of interest between the patients and the control subjects. Student's t test was used for continuous variables such as height and weight. Discrete variables such as origin and genotype were compared using Pearson chi square and Fisher exact tests. All calculations were performed using STATA 1 SE 10 software (StataCorp LP, College Station, TX, USA).
Results
Fewer (p = 0.013; odds ratio, 0.49, 95% confidence interval, 0.27-0.89) male patients had a repeat CAG repeat size less than 16 compared with the control subjects: 20 of 154 (13%) versus 56 of 242 (23%) control subjects (Fig. 1 ). Among men, we observed no differences (p = 0.16) in the mean allele size between patients (20.6 ± 4.3) and control subjects (20.0 ± 3.76). In both groups, the most common alleles were repeats of 19 and 21 (11% and 12% in control subjects and 13% and 18% in patients, respectively; p = 0.204). Among women, there also were no differences (p = 0.12) in both mean alleles sizes (allele 1 and allele 2) between patients (20.2 ± 3.9 and 22.1 ± 4.3) and control subjects (18.7 ± 31.3 and 22.1 ± 3.2). The most common alleles were repeats 21, 22/24 (18%/ 24% in patients), and 19 (22% in control subjects).
Discussion
SFs are commonly encountered bone disorders affecting, in particular, military recruits during basic training. Several lines of evidence suggest genetic factors are involved in SF predisposition. One of the candidate genes likely to be involved is the AR gene. We therefore assessed the possible involvement of the AR gene in SF predisposition in Israeli soldiers.
The limitations of our study should be borne in mind. First, this is a study focusing on Israeli soldiers, in a narrow age range, with a very specific type of training. Thus these results may not apply to ethnically diverse populations or to other groups whose mechanisms of sustaining stress fractures are different (eg, elite athletes). Second, only one polymorphism was analyzed for a group of patients and control subjects. Although this is the largest study reporting genetic analysis in SFs, the study size is too limited for firm conclusions to be drawn. There is little doubt the genetic component in SFs would not be a simple Mendelian one and multiple genes converge to result in SFs in a genetically susceptible individual, given the appropriate environmental context, ie, military training. Despite this limitation, the fact that the CAG repeat size is related to androgen action which in turn may affect bone strength, the association reported herein remains intriguing and needs further 
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Non SF SF Fig. 1 A graph shows the association between AR CAG repeats and SF status in men. The vertical solid line = 16 CAG repeats. We found a difference in the rate of patients with CAG repeats B 16 compared with control subjects, supporting the notion of an association (not causation) between SF and AR CAG repeats confirmation. Finally, the reported association between CAG repeat size and SF risk is merely an association and does not imply a mechanism or even causation. We found soldiers who were diagnosed with high-grade or multiple SFs had a nominally different CAG repeat in the first exon of the AR gene compared with soldiers in the IDF with no SFs. The risk for having SFs was almost halved if the size of the repeat was shorter than 16 repeats. This result is derived from an exploratory analysis and needs confirmation in additional studies. We are aware of only two published reports on genetic analysis of SFs. Välimäki et al. [37] genotyped a limited number of Finnish soldiers with SFs (n = 15) and limited their analysis to two polymorphisms in two genes (AR and estrogen receptor). Chatzipapas et al. [4] also reported the results of genetic analysis of 32 patients with SFs and genotyping was limited to three polymorphisms in the vitamin D receptor (VDR). Our current data add to this limited dataset and support the notion of genetic factors being operative in SF pathogenesis.
The possible mechanisms underlying the putative association between bone density and AR CAG are unknown. Furthermore, the role that the AR CAG repeat plays in determining bone density is controversial. Sowers et al. [33] reported, for premenopausal and perimenopausal women, there was an overrepresentation of women with the lowest bone mineral density (BMD) in women with AR CAG repeats ranging from 12 to 15 compared with women with higher BMD. Chen et al. [5] reported an association between AR CAG repeat size and osteoporosis in postmenopausal women, whereby an allele size longer than 20 CAG repeats was associated with an increased risk for osteoporosis and osteoporotic BMD at the femoral neck but not at the lumbar spine. Their conclusion was based purely on observational data, similar to our study, with no confirmation by biologic-experimental data. Moreover, the wide confidence interval (1.0-17.2) in the Chen et al. study may indirectly indicate that these results should be interpreted with caution.
Few studies have evaluated possible associations of CAG repeats in AR and BMD in men. Langdahl et al. [23] analyzed the association of the CAG repeat size to osteoporosis in Danish men aged 28 to 83 years and concluded there was a tendency among individuals with osteoporosis to have longer AR CAG repeats than control subjects. However, raw data show, of only men with osteoporosis, there was a CAG repeat size of 17 repeats or shorter. Zitzmann et al. [43] reported a similar relationship between BMD and CAG repeat size in men, whereby men with longer CAG repeat sizes (range, 22-31) had lower BMD and age-dependent bone loss than men with repeat sizes in the 14 to 21 range. Their interpretation of this observation is that an increased-size CAG attenuates the effect of testosterone on bone remodeling and turnover. In that study only four individuals (of the total 110) had CAG repeats of up to and including 16 repeats. Stiger et al. [34] reported an inverse association between BMD in healthy men (n = 229; age, 40-76 years), whereby men with longer AR repeats ([ 24) had lower BMD at all sites compared with men with shorter repeats (\ 21). Of the other studies focusing primarily on older men, most reported no association between AR CAG repeat length and BMD [16, 28, 33, 35] . Two studies focusing on younger individuals also did not show any consistent association between BMD and CAG repeat, although the numbers were limited [34, 39] . Recently Guadalupe-Grau et al. [14] analyzed the association between the AR CAG repeats and bone density in 282 healthy Spanish men (mean age, 28.6 ± 7.6 years) and reported that no associations between CAG repeat length and regional bone mineral content or BMD were observed after adjusting for age. However, femoral neck BMD was 4.8% greater in individuals with CAG length shorter than 20 repeats (who also have short GGN repeats in the same gene) compared with men with longer CAG (and CGN) repeats. Several mechanisms have been proposed to account for this association between BMD and CAG repeat size [27, 31, 35, 38] , focusing on the feedback mechanisms and testosterone conversion to estrogen and altered aromatase activity. However, these reports remain speculative and inconsistent.
Moreover, even the effect of AR CAG repeat size on serum testosterone levels and their age-related decline are an unsettled issue. Krithivas et al. [21] reported individuals (men) with a shorter CAG repeat have lower total free and albumin-bound testosterone and faster rates of age-related testosterone decline compared with individuals with longer repeats. In contrast, Westberg et al. [41] reported, for premenopausal women, shorter CAG repeat size was associated with increased androgen levels, with higher levels for women with repeat sizes lower than 17. Goutou et al. [15] observed no association between AR CAG repeats and testosterone levels or other gonadal steroid levels in healthy men. Walsh et al. [40] reported men with longer CAG repeats (C 22) had lower fat-free mass and higher testosterone levels compared with individuals with shorter repeats. Using a cutoff of 17 CAG repeats, Ding et al. [6] showed the transactivation activity of the AR is 40% more efficacious compared with a CAG repeat of 21 in prostate cancer cell lines.
Our data support the notion that genetic factors are involved in SF pathogenesis, that one of the molecular pathways involved in SF pathogenesis involves an altered activity of the AR signaling cascade affecting bone structure, and that the CAG repeat in the AR gene may be used as a marker for such susceptibility, if the data are validated in subsequent studies.
